Abstract: Iron contained in coal fly ash of the Ekibastuz power station is distributed between magnetite and hematite. XRD data showed that~80 wt % of iron is contained in magnetite and 20 wt % in hematite. The leaching of iron from CFA by HCl was studied. It was determined that leaching efficiency increased with the increase in hydrochloric acid concentration and temperature. The maximum iron extraction efficiency was 52%. Aluminum is contained in the mullite and was practically not leached. The maximum aluminum extraction efficiency was 3.7%. The kinetics investigation showed that the process of iron leaching was controlled by chemical reaction and diffusion process steps, with an activation energy of 33.25 kJ·mol −1 . The aluminum leaching process is controlled by a diffusion process step with an activation energy of 19.89 kJ·mol −1 . The reaction order of hydrochloric acid is determined to be 0.9 and 0.23 for iron and aluminum, respectively.
Introduction
Annually, more than 123 million tons of solid fuel are burnt in Russia in thermal power plants. At the same time,~25 million tons of coal fly ash (CFA) are formed with only 2 million tons per year being re-processed. Ash dumps occupy large areas within urban land and CFA is transported with high consumption of water (from 10 to 100 m 3 /t), while the adjoining territories are contaminated, making them unsuitable for economic use. Construction and operation of ash dumps demand considerable investment, leading to increases in the working cost of electrical power [1, 2] .
Coal fly ash contains up to 30% aluminum oxide, making this type of raw material an attractive alternative to bauxites for alumina production [3] [4] [5] [6] . High content of silicon dioxide in ash makes it impossible to use standard alkaline technologies because of significant losses of sodium hydroxide at the processing stage of coal fly ash leaching [7] [8] [9] . Accordingly, in recent years, acid methods of processing of high-silica aluminum raw materials have been actively developed [10] [11] [12] [13] . However, the use of sulfuric acid can lead to calcium sulfate coating on the surface of ash particles; this prevents interaction between aluminum and sulfate ions, and the application of a fluoride method is accompanied by poisonous emissions of ammonia and fluorine [14] [15] [16] . The hydrochloric acid method has a number of advantages compared with the use of other acids:
• [21] .
In addition to oxides of aluminum and silicon, CFA may contain up to 10% of iron oxide, which can be removed using a wet magnetic separation. However, iron in ash can be presented not only as a magnetite mineral, but also as hematite, which has no magnetic properties and remains in the non-magnetic fraction of ash. It results in chloride-aluminum solutions which are contaminated with iron ions at the subsequent stage of pressure acid leaching [22, 23] . There are a number of studies on preliminary processing of bauxite by low concentration hydrochloric acid for removal of unintended impurities: iron oxides, and carbonates of calcium and magnesium [24] [25] [26] [27] [28] [29] . This approach is very promising in relation to coal fly ash, since the main alumina mineral, mullite, has low solubility in HCl, and losses of aluminum in this process will be minimum [30] . An aqueous solution of FeCl 3 can be recycled by spray pyrolysis at 600 • C. Spheres of α-Fe 2 O 3 received by this method, can be used as pigments [31] [32] [33] [34] .
The purpose of the paper were to removing iron oxides and study kinetics and mechanism of interaction of CFA with hydrochloric acid in the range of temperatures of 25-100 • C.
Materials and Methods
The ash samples were collected from State district power station No. 1 (SDPS-1) located in Ekibastuz, Republic of Kazakhstan. The chemical composition of ash is presented in Table 1 . Hydrochloric acid (36.5%, GR ACS) produced by SIGMATEK LLC was used as leaching reagent. Iron leaching from ash was carried out in the glass flat-bottomed flask of 200 mL installed on a heated magnetic stir bar (US-1500S, ULAB, Moscow, Russia). The experiments were carried out at ambient pressure, 25-100 • C, 5-20% HCl concentration, and over 15-60 min. The ash sample weight was 10 g, with a solid-to-liquid ratio (S:L) of 1 to 10. Upon completion of the experiment, the pulp slurry was cooled and filtered by vacuum filtration. The solids were washed with deionized water and dried at 105 • C for 2 h.
Iron and aluminum extraction rate in solution was calculated according to Equation (1) .
where Me 1 is the content of iron or aluminum in solution after leaching (g/L); V is solution volume after filtration (L); and Me 2 is the content of iron or aluminum in the feed ash (g/L). An inductively coupled plasma-atomic emission spectrometer ICAP 6300 DUO (Thermo, Waltham, MA, USA) was used for the chemical analysis of solid and liquid samples. The X-ray diffraction analysis of feed ash and its magnetic part was carried out using an Ultima IV diffractometer (Rigaku, Tokyo, Japan) in Cu-Kα; radiation in the range of angles 2θ 10-100 • at 0.02 • intervals. Operating mode of the X-ray source was set at 40 kW/30 mA. In the course of grinding, about 20 wt % content of silica gel was added to the study samples to reduce the preferential grain orientation (texture). The quantitative and qualitative structure of samples were defined using the PDXL (Rigaku) program.
The morphology of the ash particles was examined using an EVO LS 10 (Carl Zeiss, Oberkochen, Germany) and Vega 3 (Tescan, Brno, Czech Republic) scanning electron microscope.
Results and Discussion

Characterization of the Coal Fly Ash
As shown in Table 1 , the major components of ash are oxides of silicon, aluminum, and iron. According to the X-ray diffraction analysis (Figure 1a) , CFA consists of mullite (3Al 2 O 3 ·2SiO 2 ), and quartz (SiO 2 ). The X-ray diffraction showed a large amorphous ring which, with the low content of iron oxides in ash, impeded the definition of the main minerals of iron. Hence, a wet magnetic separation of CFA was carried out. The obtained magnetic fraction, besides mullite and quartz, contained magnetite (Fe 3 O 4 ) and hematite (Fe 2 O 3 ) (Figure 1b) . The quantitative analysis of phases showed that magnetite comprises~80 wt %, and hematite~20 wt % iron. SEM images of the CFA studied are shown in Figure 2 . Aluminosilicate are composed of irregular and spherical particles. Iron in the ash is composed only of spherical particles with a size of 5 to 150 µm (Figure 2a-c) . The surface of these spheres is composed of octahedral particles of magnetite. As shown in Figure 2d , the individual crystals range in size from 200 nm to 2 µm. Crystals can create stick shaped agglomerates of up to 4 µm in length (Figure 2e ). 
CFA Leaching by Hydrochloric Acid
On the basis of XRD data, it is possible to conclude that reactions of ash with hydrochloric acid can be written as:
Besides FeCl 3 , iron chlorides with valency(II) can also be formed in accordance with Equation (3) [35, 36] . Figure 3 shows the effect of influence temperature, HCl concentration, and time on CFA leaching. Temperature had the greatest impact on the iron extraction process. Iron extration efficiency at 25 • C did not exceed 5%, but after the temperature was increased to 100 • C, extration efficiency increased to 52% (Figure 3a) . At low concentrations of HCl, extration efficiency did not exceed 12%; the dissolution of Fe became faster at 20% HCl (Figure 3b ). It should be noted that leaching duration did not have a substantial impact on extration efficiency, regardless of temperature and hydrochloric acid concentration. Losses of aluminum in both cases did not exceed 4% (Figure 3c,d) . The experimental errors for iron extractions were ±2%, and ±0.2% for aluminum extractions. 
Kinetic Study of Fe and Al Leaching in HCl Solutions
The process of iron and aluminum extraction with hydrochloric acid can be described as the function depending on temperature and concentration of the reacting agents:
where C is hydrochloric acid concentration; n is reaction order with respect to this component; and k is reaction kinetic constant.
Dependence of speed constant on temperature is expressed by the Arrhenius Equation:
where A is the pre-exponential factor characterizing the frequency of reacting molecules collisions; E a is the activation energy; and R is the universal gas constant: 8.31 J/K mol.
Kinetic characteristics were defined by analysis. For stabilization of the solid's surface, the secant method at the minimum values of extraction rate was used [37] . Hence, the supposition was made that at the same extraction rate, the specific surface of solids at various temperatures and acid concentration was virtually identical. We used a logarithm of tangent slope values constructed to points of intersection of a plane at leaching kinetic curves corresponding to certain values of temperature and concentration of HCl. By this method, we obtained values for the creation of dependences of lnk-1/T and lnk-lnC (Figure 4) . [38] . The activation energy of iron leaching was determined to be 33.25 kJ·mol −1 , meaning that the iron leaching process is controlled by surface chemical reaction and diffusion control processes (Figure 4a ). Figure 4b shows the plots of natural logarithms of the apparent rate constant (lnk) versus the natural logarithm of the HCl concentration (ln [HCl] ). The results of iron leaching for the reaction order with respect to HCl concentration can be obtained. From Figure 4b , it can be seen that the reaction order for iron leaching was 0.9. The kinetic equation for the effect of temperature and hydrochloric acid concentration on iron leaching rate can be obtained by Equation (7) .
The activation energy of aluminum leaching was determined to be 19.89 kJ·mol −1 , meaning that the aluminum leaching process is controlled by diffusion control (Figure 4c ). From Figure 4d , it can be seen that the reaction order for aluminum leaching was 0.23. The kinetic equation for the effect of temperature and hydrochloric acid concentration on aluminum leaching rate can be obtained by Equation (8):
The mechanism of dissolution of magnetite consists of two stages. In the first stage, iron is dissolved from magnetite crystals on the surface of spherical ash particles. In this stage, the process is limited by the chemical reaction. In the second stage, iron leaching from structure of aluminosilicate occurs. In this stage, the process is limited by diffusion control. As shown in Figure 5a , about 50% of iron located on the surface of the spherical particles was leached. The mapping data in Figure 5b shows that iron was uniformly distributed in the structure of a spherical aluminosilicate particle. The silica substantially complicates the access of the acid to the iron in aluminosilicate. 
Conclusions
The effects of temperature and HCl concentration on the acid leaching of CFA from Ekibastuz's SDPS-1 were investigated. The maximum iron extraction efficiency was 52%, which was obtained at T = 100 • C, C HCl = 220 g/L, S:L = 1:10. Losses of aluminum under these conditions did not exceed 4%. Under experimental data, the activation energy and the reaction order of hydrochloric acid were determined to be 33.25 kJ·mol −1 , 0.9 for iron and 19.89 kJ·mol −1 , 0.23 for aluminum. The kinetics study showed that the iron leaching process is controlled by chemical reaction and the diffusion process steps. The aluminum leaching process appears to be controlled by the diffusion process step.
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